We present a first-principles study of the electronic properties of silicon clathrate nanowires intercalated with various types of alkali-or alkaline-earth atoms. We find that the band structure of the nanowires can be tailored by varying the impurity atom within the nanowire. The electronic character of the resulting systems can vary from metallic to semiconducting with direct band gaps. These properties make the nanowires specially suitable for electrical and optoelectronic applications.
thermoelectric, 23 optoelectronic, 24 and superconducting 25 properties. They are grown by nucleating a vapor of silicon or other group IV elements such as Ge and Sn around alkali-or alkaline-earth atoms generally from the third or bigger rows. 26 The impurities can be left inside the structure with different concentrations or be removed afterwards. Pristine clathrates are semiconducting and have wider band gaps than the diamond phase of silicon, 27 whereas intercalated clathrates are usually metallic. 28 The most common clathrate lattices have 34 and 46 atoms in the primitive unit cell and are made of Si 20 and Si 28 cages and Si 20 and Si 24 cages, respectively. The smallest of the clathrate-type nanowires are based on the Si 20 and Si 24 cages 3, 9 and have been predicted to be the most stable configurations in some experiments. 3 These nanowires are expected to show many of the clathrate properties due to their similarities with the bulk phases. The Si 20 cage, which is present in both types of clathrates, is a regular polyhedron made of 12 pentagons. The corresponding nanowire is grown along an axis that passes through two opposite faces ͑C 5v symmetry͒ and has 30 atoms in the unit cell. The Si 24 cage has 12 pentagons and two opposite hexagons. The corresponding nanowire is grown along the direction perpendicular to the hexagons ͑C 6v symmetry͒ and contains 36 atoms in the unit cell. The transport properties of this nanowire placed between aluminum electrodes and passivated with hydrogen were calculated by Landman et al. 29 and they found that the nanowire doped with Al atoms was more efficient than the pristine one. 30 We label these nanowires as Si͑30͒ and Si͑36͒, respectively. The intercalation of alkali-or alkaline-earth impurities is made possible by the large endohedral space available inside the cages and the fact that the corresponding bulk structures are stable.
In this paper, we report ab initio theoretical studies of the electronic properties of Si͑30͒ and Si͑36͒ nanowires intercalated with the alkali-and alkaline-earth metals ͕Na,K,Rb,Cs͖ and ͕Ca,Sr,Ba͖, respectively, which correspond to typical clathrate intercalations. 26 We label them as 2M at Si͑30͒ and 2M at Si͑36͒, where 2M represents the two alkali-or alkaline-earth atoms included in the unit cell. An example of the top and lateral views of these structures can be seen in Fig. 1 . We predict that intercalation alters dramatically the electronic structure of the nanowires and allows one to tailor their electronic properties. The overall changes can be traced back to three different effects: structural deformation, hybridization, and charge transfer from the endohedral impurity. As a consequence, the electronic character of the nanowires can range from metallic to semiconducting. The band gaps in the latter are usually direct and comparable to the band gap of bulk silicon, which make these nanowires particularly useful for optoelectronic applications in the infrared or visible range.
The electronic structure was calculated with the SIESTA code, 31 which is based on density-functional theory 32 and employs norm-conserving pseudopotentials and linear com-binations of atomic orbitals. The valence states were spanned with optimized double-polarized basis sets. In the heaviest atoms ͑K,Ca,Rb,Sr,Cs,Ba͒, we included relativistic corrections in the pseudopotentials and semicore states in the basis set. The exchange and correlation energy and potential were evaluated with the local-density approximation ͑LDA͒. All atomic coordinates and the lattice were fully relaxed until all the forces and the stress were smaller than 0.02 eV/ Å and 1.0 GPa, respectively. The dimensions of the unit cell along the perpendicular directions were made large enough to avoid overlaps and electrostatic interactions with other images. The real-space grid was defined with a plane-wave cutoff of 200 Ry. The Brillouin zone along the nanowire growth direction was sampled with 30 k points to perform the structural relaxations and 200 k points to calculate the densities of states, where a broadening parameter of 0.01 eV was used. The binding energies were computed by removing the basis set superposition error, 33 which comes from the localized character of the basis functions.
First, we focus on the pristine nanowires, whose initial unrelaxed configuration corresponds to that of the ideal polyhedric structures. Upon full relaxation, the structure changes slightly and compresses, resulting in lattice constants along the growth direction of 10.50 and 10.28 Å for the Si͑30͒ and Si͑36͒, respectively. The cohesive energies of both nanowires are very similar, as can be seen in Table I , but the Si͑36͒ is slightly more stable, 3 which is probably due to the fact that in this nanowire the presence of sixfold rings generates bond angles much closer to the ideal bond angles of diamond silicon and reduces the strain of the structure. The electronic band structures computed for the pristine Si͑30͒ and Si͑36͒ nanowires are shown in the first boxes of Figs. 2 and 3, respectively. The Si͑30͒ nanowire has a clear direct band gap at the X point with a LDA value of 0.40 eV. Taking into account that the LDA underestimates band gaps, but gives correct relative orders and trends, the previous result would imply, after a scissor correction of 0.7 eV, which is usually employed in silicon, 27 a true band gap of ϳ1.10 eV, 34 similar to the band gap of diamond silicon. The Si͑36͒ nanowire has also a direct band gap, with a width of 0.44 eV, 38 but it is located at ⌫ instead at X. The scissor correction gives in this case a value of 1.14 eV. The character and width of such band gaps, which lie close to the low visible energy range, make these nanowires perfect candidates for light-emitting devices in optoelectronic applications on the nanoscale.
When the impurity atoms are inserted in the structure, the lattice undergoes a small deformation and expands. The changes in the mean atomic distances and in the lattice vec- tor along the growth direction are, in general, smaller than 5%. In Table I , we also show the magnitude of the band gaps and the binding energy of the intercalated nanowires. All these structures are exothermic, except for 2Cs at Si͑30͒, which is slightly endothermic. 39 Inspection of the binding energies shows three clear trends. First, the Si͑30͒ nanowires are always less stable than the Si͑36͒ due to the unfavorable interaction produced by the strong compression in the small Si͑30͒ cages. Second, the alkali intercalations are always less stable than those of the alkaline earth because the radii of the alkali elements are larger than those of the corresponding alkaline-earth elements, and this again increases the possibility of unfavorable interactions. Third, in the alkali atoms bigger than sodium the binding energy decreases as the atomic radius increases, whereas in the alkaline earth the trend is just the opposite, with the exception of 2Sr at Si͑36͒. These apparently contradictory behaviors can again be understood in terms of the bigger size of the alkali impurities as compared to the alkaline-earth impurities and the fact that the latter elements donate more charge to the silicon lattice, which stabilizes the structure 23 and increases the bonding with the positive ion.
The band structures of the intercalated nanowires are plotted in Figs. 2 and 3 . In the Si͑30͒ structures, all nanowires have a direct band gap at ⌫. The only exception to this rule is that corresponding to the lightest element, 2Na at Si͑30͒, where the band gap is indirect, although it is difficult to say due to the small difference between both maxima of the top of the valence band. Moving to the bottom of the periodic table, the band gap gradually decreases toward Cs and Ba. This is due to the growing separation in energy between the outer levels of the impurities and the silicon network levels, which decreases the interaction between them. It is interesting to note that in the alkali atoms the magnitude of the gap is reduced by the presence of a low-dispersion state located just above the Fermi level, whereas in the alkaline-earth elements the lowest conduction bands are very dispersive. Such features, such as the existence of gaps and low dispersive bands, would have important consequences in the transport properties of these systems, giving rise to interesting effects such as negative differential resistance. In the Si͑36͒ structures, the general situation is rather different. Due to the larger size of the Si͑36͒ cages and the corresponding smaller interaction of the metallic atoms with the silicon structure, the bands of the filled nanowires resemble those of the empty ones more closely. For example, in 2K at Si͑36͒, 2Rb at Si͑36͒, and 2Cs at Si͑36͒, the only effect seems to be a rigid downward shift of the whole silicon band structure. These intercalations give rise to a metallic or semimetallic behavior, where two bands cross at the Fermi level or open a small band gap. The same behavior is found for all the alkalineearth intercalations.
The above properties can be understood by dividing the effect of the impurities into three parts: a structural deformation and two purely electronic effects associated with charge transfer and hybridization. The effect of the structural deformation can be clearly determined by comparing the electronic structure of a relaxed pristine clathrate with the electronic structure of a pristine clathrate in the structural configuration of the intercalated system. We show in Fig. 4 the density of states of the pristine Si͑36͒ nanowire and two typical intercalations corresponding to the most studied intercalated clathrates, i.e., those with sodium and barium. 28 Box ͑a͒ corresponds to the pristine and relaxed nanowire, ͑b͒ and ͑d͒ to the pristine nanowire in the structure of the Naand Ba-intercalated systems, respectively, and ͑c͒ and ͑e͒ to the corresponding intercalated nanowires. As can be seen by comparing graphs ͑a͒ with ͑b͒ or ͑d͒, structural modifications are more pronounced in the barium encapsulation due to the larger size of this element. In general, the bigger the atom, the larger the modification it produces on the silicon network. The same behavior is found for the Si͑30͒ nanowires, but due to the smaller endohedral space of the Si 20 cages and therefore the larger deformation produced by the impurity, the changes are more dramatic. These structural-induced changes in the electronic properties can be understood in terms of the increase or, in some cases, decrease of the distance between neighbor atoms, which reduce or increase the couplings and therefore the bandwidths. The final outcome of the structural deformations is then mainly a modification of the size of the band gaps and widths. In some cases, modification of the bond angles can also move states downward or upward depending on whether or not they approach the ideal angles of the sp 3 bonding. This is specially relevant in the Si͑30͒ nanowires.
The effect of the charge transfer can be easily demonstrated by comparing the electronic band structures of the intercalated systems with the pristine ones. Since alkali-and alkaline-earth atoms are very electropositive elements, their electronic levels are well above those of silicon and tend to donate the outer one ͑in the alkali-͒ or two ͑in the alkalineearth͒ electrons to the silicon network. This can be clearly seen in Figs. 2 and 3 , where one or two silicon bands move below the Fermi level in the alkali-or alkaline-earth interca- FIG. 4 . ͑Color online͒ Projected density of states on the silicon atoms of ͑a͒ a pristine Si͑36͒, ͑b͒ a Na-deformed pristine Si͑36͒, ͑c͒ a 2Na at Si͑36͒, ͑d͒ a Ba-deformed pristine Si͑36͒, and ͑e͒ a 2Ba at Si͑36͒. The dashed lines in graphs ͑c͒ and ͑e͒ are the projected densities of states on the sodium and barium atoms, respectively, multiplied by a factor of 3 for clarity.
lations, respectively. Note that since the bands are not spin split, the number of electrons transferred per unit cell is 2 in the former elements and 4 in the latter, coming from the two atoms in the unit cell.
The hybridization between silicon states and impurity states can be determined by examining the electronic density of states of Fig. 4 . As expected, large-diameter elements, such as Ba, interact more strongly with the cage and produce greater hybridization. This significantly modifies the electronic structure of the intercalated system, compared to that of the isostructural system without the impurity, at the energies where the bands of the endohedral atom are located, as can be easily deduced by looking at the projected density of states on the barium atoms. As a consequence of the presence or absence of hybridization for heavy or light elements, respectively, we conclude that the bond between the bigger impurities and the silicon network in the Si͑36͒, and to a greater extent in the Si͑30͒, has some covalent character but becomes increasingly ionic as the size of the atom decreases. 40 In summary, we have found that the combination of structural deformation, charge transfer, and hybridization in alkali-or alkaline-earth-intercalated silicon clathrate nanowires produces a rich behavior that allows one to tailor these systems for technological applications. Their electronic character ranges from semiconducting to metallic, which makes them suitable to act as interconnects for nanocircuits or as other types of electronic elements. Furthermore, the character and width of the band gaps, which in most cases are direct and close to the visible, promise important optoelectronic applications. Finally, the resemblance of these systems to the clathrate bulk phases suggests that superconductivity and thermoelectric or elastic properties may be fruitful avenues for future investigations. 
